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Differential use of cellular and molecular components shapes 
immune responses, but understanding of how these are 
regulated to promote defense and health during infections is 
still incomplete. Examples include signaling from members of 
the Janus activated kinase-signal transducer and activator of 
transcription (JAK-STAT) cytokine family. Following receptor 
stimulation, individual JAK-STAT cytokines have preferences 
for particular key STAT molecules to lead to specific 
cellular responses. Certain of these cytokines, however, 
can conditionally activate alternative STATs as well as elicit 
pleiotropic and paradoxical effects. Studies examining basal 
and infection conditions are revealing intrinsic and induced 
cellular differences in various intracellular STAT concentrations 
to control the biological consequences of cytokine exposure. 
The system can be likened to changing partners at a dance 
based on competition and relative availability, and sets 
a framework for understanding the particular conditions 
promoting subset biological functions of cytokines as needed 
during evolving immune responses to infections. 



Introduction 

The immune system has a complex but flexible network of cel- 
lular and molecular components to deal with the constraints of 
limited genetic space in responding to almost limitless types of 
infectious organisms, i.e., viral, bacterial, fungal and parasitic 
variants. These components are broadly divided into innate and 
antigen-specific adaptive immunity based on the kinetics of 
responses following primary exposures to infectious agents, but 
their specific elements are shaped further to deliver protective 
subset effects under different conditions of infections. Examples 
of innate cellular components include the natural killer (NK) 
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cells important in early killing of virus-infected cells and for 
production of early cytokines during a wide range of infections. 
Cellular constituents of adaptive immunity include CD4 T cells 
that can be driven into particular lineages to deliver subset cyto- 
kines as required for protection under different conditions of 
infection, and CD8 T cells mediating killing of virus-infected 
cells and producing cytokines for defense against viral infection. 
In addition, innate cytokines induced after infections are key 
in the endogenous responses because they can promote direct 
antimicrobial effects and also shape development of the cellular 
immune responses most beneficial under the conditions of infec- 
tion being encountered. 1 

The theme of flexibility in responding to infections is carried 
over to cytokine signaling and function. Although these soluble 
mediators have well known individual basal effects on particu- 
lar cells in culture, they can have pleiotropic and overlapping 
effects, and depending on the conditions of examination, some 
of these are paradoxical. Examples include members of the Janus 
activated kinase-signal transducer and activator of transcription 
(JAK-STAT) cytokine family. These factors stimulate major 
signaling pathways by inducing receptor oligomerization upon 
ligand binding to activate receptor associated JAKs (including 
JAK1, JAK2, JAK3 and TYK2), which in turn recruit and acti- 
vate by phosphorylation the cytoplasmic-resident STATs (includ- 
ing STATl, 2, 3, 4, 5A, 5B and 6) to result in their homo- or 
heterodimerization, translocation into the nucleus and transcrip- 
tion of unique sets of target genes. Although most of these cyto- 
kines have a preference for activating particular STAT molecules, 
the same cytokines often have the ability to conditionally activate 
more than one STAT. 2 " 8 This flexibility suggests that conditions 
for selecting particular signaling pathways could provide mecha- 
nisms for accessing different consequences of JAK-STAT cyto- 
kine exposure as needed. Thorough understanding of how this is 
controlled to promote important subset responses in a biological 
context, however, has remained elusive. 

New insights are resulting from the characterization of differ- 
ences in basal and induced total STAT levels as well as relative con- 
centrations of STAT mixtures. Much of this work has focused on 
culture studies, but a developing literature examining responses 
during ongoing infection is also revealing how particular STAT 
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Figure 1. Flexible use of STATs by type 1 IFNs in different cells. (A) Type 
1 IFNs have been shown to be able to conditionally activate all of the 
STATs. The key pathways, however, use the preferred STAT1/STAT2 mole- 
cules to stimulate genes through ISRE and GAS promoters for induction 
of an antiviral state. (B) NK cells intrinsically express high levels of STAT4. 



concentrations are presented to modify intrinsic immune cellular 
responsiveness to particular cytokines and how relative concen- 
trations of STAT combinations can be dynamically regulated to 



change the experience of different immune cell subsets to cyto- 
kine exposure. To date, the work has primarily focused on NK 
and CD8 T cell responses to type 1 interferons (IFNs) but has 
implications for a broader range of cells and cytokines. Taken in 
its entirety, it begins to explain the how and why for the com- 
plexity of reported JAK-STAT pathways as well as the pleiotropic 
and overlapping cytokine effects. The picture emerging is one 
of cytokine receptor preferences for particular STATs, but con- 
trolled variations in relative STAT concentrations to alter the 
selection of signaling partners. 

Characterized JAK-STAT Cytokine Signaling 
Pathways and Functions 

The original studies investigating cytokine-STAT selection used 
biochemical analyses to identify the major pathways delivering 
signals from cytokines to cells. In the case of IFNs, including 
type 1 (IFNa/|3) and type 2 (IFNy) IFNs, the pathways promot- 
ing their known potent antiviral effects were characterized. Type 
1 IFNs are a major class of innate cytokines, comprised of prod- 
ucts of a single IFN(3 and, depending on the species, 12 IFNot 
genes. The type 1 IFNs activate STATl and STAT2, inducing 
their subsequent heterodimerization, and in association with the 
interferon regulatory factor 9 (IRF9), bind to particular DNA 
sequences in the promoters of genes termed IFN stimulated 
response elements (ISREs). 9 By contrast, the sole type 2 IFN, 
IFN7, activates STATl homodimers and induces the expression 
of genes with gamma activating sequences (GAS) in their pro- 
moters. 9 The recently identified type 3 IFNs, IFNXs, also named 
interleukin (IL)-28A, -28B and -29, are another class of cyto- 
kines activating STATl and STAT2 for signaling. 10 Further well- 
characterized cytokine-STAT pathways include the activation of 
STAT3 by IL-6 and IL-10, the activation of STAT4 by IL-12 and 
the activation of STAT5 by cytokines that signal through the 
common gamma chain, including IL-2, IL-4, IL-7, IL-9, IL-15 
and IL-21. 8 - 11 - 13 

Although specific major signaling pathways are associated 
with exposure to particular cytokines, the factors demonstrate 
"infidelity" such that additional and/or other, non-preferred 
STATs are conditionally activated. In the most extreme case of 
promiscuity, the type 1 IFNs have been reported to activate all 
seven of the different STAT molecules (Fig. 1A), 2 " 7 but there is 
also a surprisingly long list of cytokines reported to activate both 
STATl and STAT3, including IFN7, the IFNXs, IL-6, IL-10 and 
IL-21. 12,14 " 18 Because the activated STATs themselves are binding 
to particular promoter sequences in genes to regulate transcrip- 
tion, activation of common STATs by different cytokines can 
elicit common expression of particular target genes (Table 1). 
Remarkably, the type 1 IFNs can differentially regulate the 
expression of over 100 target genes. 19,20 The role for STATl in 
induction of many of these, including critical antiviral genes cod- 
ing for the 2,5-oligoadenylate synthetase (OAS), protein kinase R 
(PKR) and the Mx protein products, has been definitively estab- 
lished. In addition, STATl plays a role in the anti-proliferative 
and pro-apoptotic effects delivered by type 1 or type 2 IFNs, 21,22 
and the pathway contributes to certain immunoregulatory effects 



As a result, exposure to type 1 IFNs initially activates STAT4 for IFN-y pro- 
duction by these cells. Eventually, STAT1 levels are increased and block 
receptor access to STAT4. (C) CD8 T cells have the potential to respond 
to type 1 IFN with either STAT1 or STAT4 activation, but the activation 
of STAT1 is preferred. During the context of responses to infection, the 
antigen-specific subsets have their STAT4, whereas the non-specific 
cells have STAT1, levels induced. As a result, antigen-specific CD8T cells 
overcome type 1 IFN STATl -dependent anti-proliferative effects and 
respond to type 1 IFN with STAT4 activation for IFN7 production. (See 
text for related references). 
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Table 1. Key cytokine pathways to STAT1, STAT3 and STAT4 functions 





Cytokines that activate 


Examples of target genes 


Functional outcome 


References 


STAT1 


IFNctfi, IFN-y, IFNX, IL-6, IL-10, IL-21 


Mx, PKR, OAS, inhibiting c-myc 


Antiviral, pro-apoptotic, anti-proliferation, 
cytotoxic 


19-24 


STAT3 


IL-6, IL-10, IL-21, IFNa|3, IFN-y, IFNX 


Bcl-XL, survivin, cyclin D1, activating 
c-myc 


Pro-survival, pro-proliferation 


32-35 


STAT4 


IL-12, IFNap 


IFN-y, CD25 


Pro-proliferation 


24, 27-30 



mediated by type 1 IFN during the development of innate 
immune responses to viral infections including the activation of 
NK cell-mediated cytotoxicity, delivered through perforin- and 
granzyme-dependent mechanisms, the induction of IL-15 expres- 
sion and interestingly, the inhibition of IFNy expression. 23 " 25 
Certain of the type 1 IFN responses can also be induced by IFN7 
because it activates STATl. 1 ' 26 In responses elicited by IL-12, the 
induction of IFN7 and the CD25 component of the IL-2 recep- 
tor is STAT4 dependent, 24,27 " 30 and under certain conditions, 
type 1 IFNs, but not IFN7, can activate STAT4 to induce these 
responses (see below). 4,31 Pro-survival states and the expression of 
target genes promoting these, including Bcl-XL, survivin, c-myc 
and cyclin Dl, are linked to STAT3, 32 " 35 and activation of STAT3 
by the variety of cytokines might be predicted to lead to these 
responses. Thus, stimulation of common STATs helps explain 
pleiotropic and overlapping cytokine effects. 

Flexibility in signaling may also help explain the paradoxical 
biological functions that have been attributed to the cytokines. 
Studies using cells or mice rendered genetically deficient in par- 
ticular STATs have revealed that there are molecular and biologi- 
cal consequences of experimentally restricting access to STATs. 
In the absence of STATl, the STATl-dependent antiviral and 
anti-proliferative effects 36 " 38 as well as activation of NK cell-medi- 
ated cytotoxicity and induction of IL-15 expression 24 are blocked 
during viral infections eliciting high levels of type 1 IFNs, but 
type 1 IFN induction of IFNy is revealed. 25 Likewise, absence of 
STATl blocks the STATl-dependent, but allows stimulation of 
STATl-independent, and novel, IFN-y gene targets. 39 For IL-6, 
in the absence of STAT3, the cytokine stimulates STATl phos- 
phorylation and a gene transcription program with induction of 
an antiviral state that resembles that induced by IFN7. 40 Thus, if 
there are biologically relevant conditions modifying availability 
of particular STAT molecules, alternative signaling pathways may 
provide mechanisms for shaping the unique, pleiotropic, overlap- 
ping and paradoxical effects delivered by different members of 
the JAK-STAT cytokine family to provide pathways to particu- 
lar subset responses as needed during infections. As an example, 
IL-10 with its potential to activate both STAT3 and STATl 
might also be driven to deliver antiviral states in the absence of 
STAT3. In addition to direct links between cytokine exposure 
and STAT activation for the induction of gene expression and 
rapid cellular responses discussed here, the combinations of par- 
ticular cytokines with particular STATs has been shown to play 
a role in the differentiation of CD4 T cells into specific lineages 
to shape the availability of CD4 T helper cytokines under dif- 
ferent conditions of infections. Simply stated, exposure to IL-12 
uses STATl to support the differentiation of CD4 Thl type cells 



producing IFN-y important during infections with intracellular 
microorganisms including certain bacteria, whereas exposure 
to IL-4 uses STAT6 to support the development of Th2 cells 
producing IL-4 important during parasitic infections, and expo- 
sure to IL-6 uses STAT3 to promote Thl7 cells producing IL-17 
important during infections with extracellular microorganisms 
including fungi. 41 The mechanisms involved in driving CD4 T 
cell subset development require longer periods and additional 
genetic modifications to develop. 42 

Intrinsic Differences in STAT Expression and Use 

One way of regulating access to different signaling pathways 
would be to provide different cell populations, with common 
expression of cytokine receptors, with differential expression 
of particular STAT levels. Because STATl and STAT2 are the 
preferred type 1 IFN receptor (IFNAR) signaling molecules, 
higher level expression of alternative STATs would likely be 
required to make them competitive in the context of STATl/ 
STAT2. Biochemical and flow cytometric studies evaluating 
STAT4 expression within freshly isolated mouse NK cells have 
demonstrated that these populations are unique in their basal 
high expression of STAT4 and modestly reduced levels of STATl 
proteins (Fig. IB). 31 This can be observed in NK cells prepared 
from either the spleen or the peritoneal cavity. Ex vivo type 1 
IFN exposure results in the preferential activation of phosphory- 
lated (p)STAT4 over pSTATl in these populations. The mouse 
system of lymphocytic choriomeningitis virus (LCMV) is par- 
ticularly useful for studying the regulation of type 1 IFN signal- 
ing pathways in response to in vivo cytokine exposure because 
the virus induces a strong innate cytokine response focused on 
type 1 IFN production, locally detected at hours after infection 
and broadly observed systemically beginning from around day 
1.5 and extending to day 4 of infection. 38,43 " 45 The very earliest 
type 1 IFN production at the site of infection, the peritoneal 
cavity, results in an IFNAR- and STAT4-dependent induction 
of peritoneal NK cell IFN-y expression and production of short 
duration, peaking at about 30 h. 44 This response inhibits viral 
replication. Thus, NK cells basally experience exposure to type 1 
IFN with STAT4 rather than STATl activation, and this leads to 
IFN-y production for the benefit of an infected host. 

The studies of NK cells provide the first documented differen- 
tial expression of STATs in normal, freshly isolated immune pop- 
ulations. Other reports, however, have also shown differences in 
STAT4 levels in human populations isolated under disease con- 
ditions 46 and in culture-derived human dendritic cell (DC) sub- 
sets. 47 Moreover, various populations in human peripheral blood 
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leukocytes have different preferences for STAT activation after 
type 1 IFN exposure. In comparison to other cell types, exposure 
to the type 1 IFN, IFN(3, does not stimulate a strong pSTATl 
response but does induce pSTAT3 and pSTAT5 in B and CD4 
T cells subsets. 48 The observation may help explain a poor induc- 
tion of STATl-dependent pro-apopotic mRNAs in human B and 
CD4 T cells as well as the apparent pro-survival effects of IFN(3 
on these cells as compared with monocytes. Although the STATl 
levels are not significantly different in the populations, however, 
the question of relative STAT concentrations in these different 
cell types has not been addressed because the levels of STAT3 
and STAT5 have not been measured. 48 Thus, there is more work 
to be done with a broader range of cell subsets, and there may 
be other mechanisms influencing selection, but taken together, 
the work to date suggests a model by which differences in STAT 
availability based on relative concentrations influence intrinsic 
differential cellular responses to type 1 IFNs. 

Another system with work characterizing relative access of a 
JAK-STAT cytokine to different STATs is the IFNy response 
delivered through its receptor. STATl is a predominant tran- 
scription factor activated by IFN7, but STAT3 can also be weakly 
activated, and in the absence of STATl, STAT3 is highly phos- 
phorylated and drives the expression of genes that are normally 
induced by IFN7. 49 The sophisticated biochemical analysis of the 
receptor interactions with STATl as compared with STAT3 has 
demonstrated that a tyrosine residue in the IFN7 receptor sub- 
unit 1 is required for the activation of both STATl and STAT3, 
suggesting that the two STATs compete for binding to the IFN7 
receptor at the same site. 49 Although the understanding of the 
STAT4/STAT1 interactions with the type 1 IFN receptor are less 
well developed, STAT4 is basally associated with IFNAR in the 
context of the high level of STAT4 and lower STATl within NK 
cells. 31 Thus, a growing literature indicates that the relative con- 
centrations of different STAT molecules have consequences for 
signaling in response to the same cytokine. The requirements for 
different concentrations in STAT selection are likely to depend 
on the potential for, and relative affinity of, physical interactions 
with the respective cytokine receptors. Collectively, these studies 
highlight the flexibility of intrinsic STAT availability in initially 
selecting cytokine-driven effects and raise the interesting ques- 
tions of how STAT concentrations might be regulated to influ- 
ence cytokine effects during the dynamic conditions of infections 
to differentially shape individual cellular responses. 

Kinetic Changes in STAT1 Levels: 
Regulating Access to Other STATs 

Although type 1 IFNs can activate STATl and STAT4, the two 
STAT molecules stimulate opposing gene programs. As noted 
above for NK cells, activation of STAT4 promotes IFNy pro- 
duction, but activation of STATl inhibits IFN7 expression while 
promoting anti-proliferative effects, cytotoxicity and IL-15 expres- 
sion. 21 ' 24,25 ' 31 The activation of STATl also results in increased 
STATl because the molecule targets promoter sequences in its 
gene to induce STATl mRNA and protein. 50,51 Although this 
pathway has been known for some time, understanding of its 



biological importance remained largely unappreciated until it 
was demonstrated that total STATl levels are dramatically ele- 
vated in immune cell populations following infections of mice 
with LCMV. 4 Biochemical analysis of mixed populations has 
demonstrated that the ability to use type 1 IFNs for STAT4 acti- 
vation inversely correlates with total STATl levels such that the 
pathway is accessible prior to infection, blocked at times with 
increased STATl levels and apparent again after the STATl lev- 
els have declined. 4 The original demonstration of this set forth 
the model of dynamic regulation of STAT concentrations. 

Further characterization of the pathway in NK cells has 
shown that although these populations basally express and access 
STAT4 in response to type 1 IFNs, they have elevated levels of 
STATl during the course of LCMV infection. 31 At early times 
after infection, all of the immune cells examined induce STATl 
in response to type 1 IFN production, but the kinetics is delayed 
in NK cells relative to that of the other populations. The condi- 
tion allows a window of opportunity for type 1 IFN induction 
of IFN7 induction though STAT4 prior to high level STATl 
expression. 44 The delay may be a consequence of reduced imme- 
diate activation of STATl because of the intrinsic lower levels 
of the molecule in the context of high STAT4 and/or because of 
competition between the high levels of STAT4 with low levels 
of STATl for access to events at the receptor. 44 Eventually, the 
STATl levels do increase in response to type 1 IFN exposure in 
the NK cells, and once elevated, they are preferentially associ- 
ated with the type 1 IFN receptor such that although the STAT4 
levels remain high, they are not activated by the cytokine. 31 The 
absence of STATl results in the ability to continue to use type 
1 IFN for STAT4 activation. During LCMV infection, however, 
this is highly detrimental to the host because it allows for contin- 
ued, dysregulated IFN7 production and cytokine-mediated dis- 
ease. Thus, NK cells basally express high STAT4, and type 1 IFN 
induces IFN7 through this molecule to help protect against early 
viral replication, but STATl is induced to tightly regulate the 
pathway and protect from cytokine-mediated disease. The switch 
might help promote other effector functions because STATl is 
important in inducing NK cell cytotoxic function. 24 Thus, pass- 
ing off from STAT4 to STATl could have many effects including 
changing effector functions as well as protection from immune 
dysregulation during infections. 

Recently, NK cells and DCs isolated from another infection 
in mice, murine cytomegalovirus (MCMV), have been shown to 
exhibit different responsiveness to type 1 IFNs with alterations in 
STATl activation and induction such that the STATl pathway 
is preferentially used in DC subsets. 52 Remarkable aspects of the 
early immune response to this virus as compared with LCMV 
are that IL-12 is elicited along with type 1 IFNs, and high sys- 
temic levels of NK cell produced IFN7 are induced through and 
dependent upon IL-12 activation of STAT4. 24,53 These responses 
peak at 36 to 40 h after infection. Because the IL-12 receptor 
preferentially activates STAT4, it is tempting to speculate that the 
biological pressure for IL-12 is to provide a pathway to STAT4 
and IFN7 in cells that have been conditioned to express high 
STATl and as a result, have had their pathway from type 1 IFN 
to STAT4 blocked. 
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Type 1 IFN Access to STAT1 and STAT4 
in CD8 T Cells after Viral Infection 

Although adaptive T cells, particularly CD8 T cells, can have 
functions that overlap those of innate NK cells, they have unique 
challenges to their activation during viral infections. Foremost is 
that the subsets with T cell receptors (TCRs) specific for the anti- 
gens of particular infectious organisms are at extremely low fre- 
quencies in naive, non-immune hosts and have to be selected and 
preferentially expanded. In the case of CD8 T cells, this occurs 
as a result of antigen presentation by the class 1 major histocom- 
patibility molecules (MHC) to the TCR, takes time to develop, 
and during viral infections, requires proliferation through peri- 
ods overlapping with the induction of systemic type 1 IFN levels 
and the opportunity for their delivery of anti-proliferative effects. 
In addition, the cells have to be driven into states that allow their 
needed subset responses, such as IFN~y production, and type 1 
IFNs can have both inhibiting and enhancing effects on these. 25 
The picture emerging is one where the concentrations of STATl 
and STAT4 are being differentially regulated to condition for 
particular experiences following exposure to type 1 IFN and as a 
result, facilitate the development of antigen-specific CD8 T cell 
responses to viral infections. 

The STATl molecules expectedly play an important role in 
type 1 IFN-mediated inhibition of proliferation and have a novel 
role in helping to preferentially limit expansion of non-specific 
CD8 T cells during endogenous immune responses. In the 
absence of STATl, a type 1 IFN-mediated inhibition of ex vivo 
cytokine-driven proliferation of CD8 T cells is lost, and LCMV 
infection of STATl-deficient mice results in dysregulated early 
proliferation of CD8 T cells, through day 4 of infection, with- 
out specificity for the known LCMV antigens. 38 How then can 
antigen-specific cells avoid this inhibition to expand and contrib- 
ute to defense? Although STATl is elevated in all of the splenic 
leukocytes isolated from mice at different times after LCMV 
infection, the CD8 T cells responding with DNA synthesis and 
expansion, on days 5 through 8 of infection, are preferentially 
found within subsets of cells having lower STATl 38 and higher 
STAT4 protein levels, 54 and the cells expressing receptors specific 
for LCMV are in this group. Consistent with early reports char- 
acterizing T cell lines 55 and CD4 T cell subsets, 56 ex vivo stimu- 
lation through the TCR induces elevated STAT4 expression in 
CD8 T cells. 54 More importantly, the condition of higher STAT4 
protects against type 1 IFN induction of STATl and resistance to 
type 1 IFN-mediated inhibition of proliferation ex vivo, and the 
presence of STAT4 results in enhanced proliferation and reduced 
STATl expression in antigen-specific CD8 T cells during LCMV 
infection. 54 Thus, CD8 T cell subsets are being differentially con- 
ditioned (Fig. 1C) such that the non-specific cells have STATl 
levels induced and are sensitive to type 1 IFN-mediated inhibi- 
tion of proliferation, and the antigen-specific cells are induced to 
express higher levels of STAT4 and as a result, develop resistance 
to type 1 IFN-mediated inhibition of proliferation with selection 
for preferential expansion in the presence of the cytokines. 

The changing STAT concentrations also have consequences 
for cellular effector responses to viral infections. Although 



the numbers of antigen-specific CD8 T cells are still diffi- 
cult to evaluate at days 4 to 6 of LCMV infection, a systemic 
CD8 T cell-dependent IFN~y response is detectable at these 
times. 45 In vivo blocking studies have shown that the response 
is primarily dependent on antigen-specific CD8 T cells and is 
greatly enhanced through type 1 IFN- and STAT4-dependent 
pathways. 4,45 Dissection of the components of stimulation ex 
vivo shows that there is a high degree of synergism such that 
although either works alone, small concentrations of type 1 IFN 
along with small concentrations of antigen enhance IFN7 pro- 
duction. 45 Type 1 IFN responses of CD8 T cells prepared from 
uninfected as compared with day 8 LCMV-infected mice, switch 
from preferentially activating STATl and a wide range of target 
genes, including those dependent on this transcription factor, to 
preferentially activating STAT4 and focusing the responses to a 
narrower target gene range with less expression of the STATl 
but continued or elevated expression of the STAT4 target genes. 54 
These observations explain the differential effects of type 1 IFN 
on proliferation and IFN7 expression by showing that the CD8 T 
cells are being conditioned to experience the cytokines differen- 
tially, and that this is important in shaping the endogenous adap- 
tive immune responses to viral infection. It is interesting to note 
that the antigen-specific CD8 T cells now mirror the basal STAT 
expression of NK cells, high for STAT4 and lower for STATl. 

STAT3: A Role in Conditioning Lymphocyte 
Responses to Cytokines after Viral Infections? 

How might regulation of STAT3 access fit into intrinsic or condi- 
tioned cytokine responses during viral infections? STAT3 can be 
activated by many of the same cytokines as STATl, but the func- 
tional consequences have been difficult to assign and as noted 
above, are often cell type and context dependent. The molecule 
was initially discovered to mediate the acute phase response in 
hepatocytes in response to IL-6, resulting in the transcription of 
genes that play a protective role (e.g., wound healing) in acute 
inflammation. 11,57 ' 58 The IL-6-STAT3 pathway has also been 
shown to prevent apoptosis in both pro-B cell lines and primary T 
cells, in the former case by STAT3-mediated induction of Bcl-2, 
a member of the anti-apoptotic Bel family. 59,60 In the case of type 
1 IFN effects on lymphocyte proliferation or survival, the role for 
STAT3 has again been controversial with reports of its positive 
action being context dependent. 61,62 STAT3 is the major trans- 
ducer of IL-10 signaling, and in macrophages, this pathway both 
limits inflammatory cytokine production and prevents prolif- 
eration. 63,64 In STAT3-deficient macrophages, the cells produce 
increased levels of inflammatory cytokines in response to the 
bacterial product, lipopolysaccharide (LPS), resulting in chronic 
enterocolitis in mice. 65 Despite these varying functional out- 
comes in different cell types, an interesting feature of STAT3 is 
that, similar to STATl, the protein levels of STAT3 are increased 
when STAT3 is activated by cytokines. 66,67 Thus, the opportunity 
to condition cellular responses based on modulation of STAT3 
levels represents a viable mechanism for controlling cellular func- 
tions. Moreover, given the wide range of receptors stimulating 
STAT3, there is a potential for variations in particular STAT 
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Figure 2. Differential cellular use of type 1 IFNs for STAT4 activation and 
IFN-y production at particular times during LCMV infection. The LCMV 
infection in mice provides a powerful system to study the regulation 
of type 1 I FN effects. The cytokines are produced locally within a few 
hours and can be found systemically for several days following infec- 
tion. Prior to infection, NK cell populations are high whereas the CD8 T 
cells are low for STAT4. As a result, NK cells initially respond to type 1 IFN 
with STAT4 activation and IFN-y production. The pathway is tightly regu- 



levels relative to other STATs to have very different consequences 
for shaping the responses to particular cytokines. 

Because the molecule is also associated with key cellular pro- 
cesses, including survival, proliferation and apoptosis, under- 
standing the regulation of expression and access could help 
explain complex events preferentially supporting expansion and 
maintenance of needed lymphocytes. A STAT3 requirement for 
survival is underscored by the fact that unlike mice deficient in 
other STAT molecules, mice with targeted deletion of STAT3 
do not develop past embryonic day 6. 5. 68 However, conditional 
deletion of STAT3 in various cell types has not always pre- 
sented a consistent picture of STAT3 in promoting survival. For 
example, deficiency of STAT3 in neurons results in enhanced 
apoptosis of these cells, 65 whereas STAT3 deletion in the mam- 
mary epithelium delays the process of involution depending on 
apoptosis. 70 Interestingly, the most striking evidence for STAT3 
mediating survival signals is the multitude of studies highlight- 
ing the involvement of STAT3 in cellular transformation. The 
molecule is constitutively activated in many human tumors, 71 " 73 
and cells with genetically mutated STAT3 are resistant to trans- 
formation, 74 whereas cells expressing a constitutively active form 
of STAT3 are converted to cancer cells. 75 Consistent with the lat- 
ter, many of the well-documented target genes of STAT3 include 



those that prevent apoptosis (Bcl-xl and survivin) and enhance 
survival and proliferation (cyclin Dl and c-myc). 32 " 35 Thus, there 
is much to be learned about how STAT3 is used in the context of 
evolving immune responses to infection. Given that type 1 IFNs 
can mediate different NK and T cell responses based on their 
ability to signal through STATl or STAT4, and their preference 
is influenced by the levels of the STATs, infections of mice with 
LCMV inducing type 1 IFNs or MCMV inducing additional 
cytokines, including IFNy and IL-6, 76 provide conditions for 
changing STAT3 levels in responding cells and give the potential 
for adding this signaling molecule to the mix of relative STAT 
concentrations shaping cellular responses to STAT3 activating 
cytokines. Future studies are needed to better define the modula- 
tion of interaction between these STATs in the context of a com- 
plex cytokine milieu, and studies of viral infections hold promise 
for evaluating the contributions of regulated STAT3 expression 
in shaping cellular immune functions. 

Summary and Discussion 

Taken together, the studies of NK and CD8 T cells in unin- 
fected and virus-infected mice have demonstrated differential 
type 1 IFN responsiveness based on intrinsic and induced STAT 
concentrations. The STAT4 levels are basally high in NK cells, 
allowing them a window of opportunity to immediately respond 
to type 1 IFNs with IFN7 production, but the pathway is tightly 
regulated by simultaneous STATl induction to protect from cyto- 
kine-mediated disease. In contrast, antigen recognition induces 
STAT4 in selected CD8 T cells while STATl is elevated in non- 
specific CD8 T cell subsets to allow for preferential expansion 
of, and type 1 IFN induction of IFN7 in, the antigen-specific 
subsets. The flexible pathways to STAT4 allow general access to 
a highly controlled early NK cell response followed by access to 
an antigen-specific CD8 T cell response. Because the CD8 T cell 
induction of IFN7 is greatly enhanced by TCR stimulation as 
well as type 1 IFN, the conditions limit this response to periods 
overlapping viral replication for antigen presentation and type 1 
IFN production (Fig. 2). Thus, their STAT4-dependent type 1 
IFN responses are controlled even though STATl is not elevated 
to high levels. The sophisticated kinetic regulation of these events 
provides insights into how the immune system uses the resources 
available to promote optimal defense against infection while pro- 
tecting against potential immune-mediated disease. They also 
suggest approaches for therapeutic intervention by identifying 
the when and how particular pathways are required. 

Although most of the work reviewed here has been performed 
in the mouse, parallel systems operate in the human. Indeed, the 
first report of type 1 IFN activation of STAT4 examined responses 
in human T cells, 77 and more recent work has shown the response 
in human NK cells. 78 In fact, conflicting data suggesting that 
there were species differences in type 1 IFN activation of STAT4 
were resolved by the demonstration of differential activation of 
STAT4 based on STATl concentrations in the mouse, 4 and the 
correlation between type 1 IFN activation of STAT4 with low 
STATl levels has been recently reported with cells from indi- 
viduals chronically infected with hepatitis C virus (HCV) as 



lated, however, because elevated STATl levels are concurrently induced 
to block type 1 IFN access to STAT4. In contrast, the antigen-specific CD8 
T cells are being stimulated through their TCR to have elevated STAT4 
expression whereas the non-specific CD8 T cells are induced to express 
elevated STATl. These conditions promote preferential expansion of the 
antigen-specific CD8 T cells and their production of IFN-y in the context 
of the endogenous type 1 IFNs. Thus, there are flexible pathways in 
different cell types to regulate the consequences of type 1 IFN exposure 
during viral infection. (See text for related references). 



e23504-6 



JAK-STAT 



Volume 2 Issue 1 



compared with control populations. 78,79 Thus, the work in the 
human and mouse is crystallizing to show how partners at the 
dance can be changed based on availability and concentrations to 
alter STAT pathways of activation and cytokine functions under 
particular conditions of infection. 

There are still many unanswered questions. What other 
events control differential intrinsic STAT concentrations? Does 
constitutive type 1 IFN signaling help set intrinsic STAT lev- 
els in particular cells? 80 Why is the block in STAT1 induction 
in antigen-specific CD8 T cells more complete than the delayed 
induction in NK cells even though both cell types have elevated 
STAT4? The results comparing the LCMV and MCMV infec- 
tion systems suggest that IL-12 access to STAT4 is relatively 
insensitive to high STAT1 levels, but almost nothing else is 
known about how the altered STAT4 and STATl concentra- 
tions might affect cellular responses to the range of additional, 
non-type 1 IFN cytokines having flexibility to stimulate these 
molecules. Moreover, there are a variety of pathways for regu- 
lating STAT concentrations. The pathways for STATl activa- 
tion to elevated STATl expression and from TCR stimulation to 
elevated STAT4 have been shown to work during precise periods 
of viral infections (Fig. 2). There are also pathways from STAT3 
activation to elevated STAT3 expression, however, and many 
other yet unidentified mechanisms are likely to be available to 
regulate relative concentrations of all of the STATs in mixtures 
(Fig. 3). Characterization of these, how they function during 
immune responses and how they change signaling of the range of 
cytokines with the potential to activate them will provide novel 
new insights into how immune responses are regulated. 

The results demonstrating the dynamic changes in particular 
STAT concentrations suggest that care must be taken in inter- 
preting long-term studies of the role for particular cytokines 81 or 
STATs 82 after transfer of deficient cell subsets into complete envi- 
ronments. Clearly, both the cytokines and the STATs are differen- 
tially used during the life of particular cells. Thus, although such 
long-term studies may provide information on "net" outcomes, 
they do not present opportunities for identifying the regulation 
of access to STATs for changing cell or host need, or for reveal- 
ing key functions depending on particular STATs or cytokines 
that might be delivered downstream of the blocked pathway 
being tested. The same caution can be raised about the powerful 
approach of identifying genetic susceptibilities to classes of infec- 
tious organisms to assign unique importance of particular recep- 
tors and STATs in defense. 83 " 51 The outcome does reveal absolute 
requirements but does not inform on other effects, flexible path- 
ways and/or on alternative pathways providing other kinds of sup- 
port. Indeed, in the case of STAT3 mutations in humans, the first 
reports linked the condition to increased susceptibility to fungal 
infections. 88,85 The consequences for long-term maintenance of T 
cell subsets and control of viral infections were only revealed after 
more extensive and detailed studies. 52 Thus, a thorough under- 
standing of the mechanisms shaping cytokine and STAT func- 
tions requires careful dissection of cellular responses in the context 
of the evolving conditions of different periods of infections. 

In conclusion, there is still much to be learned about regu- 
lation of cytokine effects and signaling pathways, but existing 
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evidence provides a strong model for continued testing. Clearly, 
biological outcomes will depend on the integration of multiple 
rather than additive effects of individual STAT signals. However, 
the results to date indicate that these are subject to conditioning 
based on the dynamic regulation of relative STAT concentra- 
tions. The consequences of varying STAT levels can be predicted 
to depend on the potential for, and relative affinity of, physical 
interactions with the respective cytokine receptors. Given the 
range of cytokines activating overlapping STATs, the opportu- 
nities for differential regulation of their effects with changing 
STAT concentrations are great. With the framework of exist- 
ing knowledge, the next period of study will be exciting and 
lead to new understanding about how the immune response is 
working in its entirety to achieve the best possible response to 
infections using the available cytokine and signaling resources. 
Future work holds great promise for not only explaining the how 
and why endogenous immune responses unfold the way they do, 
but also for providing insights into new approaches for interven- 
tion to promote health over disease in a variety of challenging 
conditions. 
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